INTRODUCTION
In several recent papers (Silk & Rees 1998; Monaco et al. 2000; Archibald et al. 2002; Granato et al. 2002; Volonteri, Haardt & Madau 2002 and references therein), the joint modeling of star formation and the growth of Massive Black Holes (MBHs) lying in galactic nuclei has been considered in order to account for the observed correlation between the masses of the MBH and the hosting spheroid (Wandel 1999; Woo & Urry 2002) . Both processes are expected to occur simultaneously, on the occasion of Major Mergers (MMs) suffered by dark-matter haloes (Kauffmann & Haehnelt 2000; Haiman & Menou 2000) . This can be achieved in two complementary ways. Firstly, the shock-heated gas cools and feeds the disk of the central galaxy and, through subsequent angular momentum loss (via bar instability), its bulge and central MBH. Secondly, the main galaxies of the progenitor haloes spiral down (through dynamical friction) to the new halo centre and eventually merge. Such a merger makes the cold interstellar gas undergo random flows -making it possible to reach the nuclear region of the newly formed spheroid and feed the central MBH-and compressiongiving rise to a starburst. Thus, the mass increase of both MBHs and galaxies is punctuated by the evolution of the halo MM rate. On the other hand, the Eddington-limited capability of MBHs to accrete mass and the progressive consumption of the hot gas available in haloes are also expected to play a crucial role in the evolution of quasar luminosities (Cavaliere & Vittorini 2000) .
Here we check the validity of this scheme by comparing the predicted luminosity function of quasars (QLF) with observations. We build an analytical model of QLF based on the three following ingredients: 1) an accurate expression, in terms of halo mass and cosmic time, for the halo MM rate (Sec. 2) derived in the frame of the extended PressSchechter model; 2) the evolving properties of MBHs (Sec. 3), obtained by solving analytically the governing set of differential equations established under a few simple assumptions consistent with the parallel growth of MBHs and their hosting galaxies from the hot gas available in the halo; and 3) the typical lightcurves of quasars associated with MBHs of different masses at different cosmic times, inferred under the assumption of an Eddington-regulated accretion rate (Sec. 4) . By comparing the resulting theoretical QLFs (Sec. 5) with the ones observed at different redshifts, the best values of the free parameters entering the model are inferred. This leads to a fully consistent analytical expression of the QLF (Sec. 6) that recovers both the observed QLF shape and its redshift evolution at intermediate and high redshifts. In the last section, we discuss the possible shortcomings of the model and the implications of our results on the process of galaxy formation and evolution. Throughout the present work, we assume a ΛCDM cosmology, defined by the values of the Hubble constant (in km s −1 Mpc −1 ), density parameter, cosmological constant, baryonic fraction, and normalisation of the power spectrum respectively given by (H0, Ωm, ΩΛ, Ω b h 2 , σ8) = (70, 0.3, 0.7, 0.02, 1), with h = H0/100.
HALO MAJOR MERGER RATE
The Modified Press-Schechter (MPS) model developed by Salvador-Solé, Solanes & Manrique (1998) and Raig, González-Casado & Salvador-Solé (1998 ) is a variant of the extended PS model (Bower 1991; Bond et al. 1991; Lacey & Cole 1993 ) that provides an unambiguous definition of the halo formation and destruction times and other quantities, such as the halo MM rate, not available in the original extended PS model. By definition, haloes are destroyed in mergers yielding a fractional mass increase above some fixed threshold ∆m; otherwise they survive. The formation of new haloes is then consistently defined by those mergers in which all partners are destroyed and the whole system rearranges. These are the merger events we refer to as MMs. As shown by Raig et al. (2001) , such MMs are essentially binary and involve similarly massive haloes. More specifically, the halo internal structure found in high-resolution N -body simulations (Navarro, Frenk & White 1997 ) is recovered (Manrique et al. 2002) provided ∆m ∼ 0.5. This is the value of ∆m we use hereafter.
In this model, the comoving number density of haloes with masses in the range [MH,MH + dMH] at a cosmic time t is given by the usual PS mass function
where δc(t) is the linear extrapolation to the present time t0 of the critical over-density for collapse at t, σ(MH) denotes the r.m.s. mass fluctuation of the density field to t0 smoothed over spheres of mass MH, and ρ0 is the current mean density of the universe. On the other hand, the merger rate at t of progenitors with mass MP giving rise to haloes with masses in the range [MH, MH + dMH] is (Lacey & Cole 1993 )
Note that the previous expression corresponds to a transition rate, i.e. it is defined per halo of mass MH. To obtain the increase per unit comoving volume of the total number of haloes with masses [MH, MH + dMH] owing to mergers among progenitors with masses [MP, MP + dMP] one must take R(MP → MH, t) dMH times f (MP, t) dMP. The required total MM rate per unit comoving volume giving rise to new haloes with masses [MH, MH + dMH] is therefore the integral of the latter quantity over the mass of the primary progenitor in the appropriate interval
The behaviour of such a MM rate is shown in the left panel of Fig. 1 . The associated formation rate, R form , defined again as a transition rate, is then equal to the MM rate given by equation (3) divided by f (MH, t) dMH. The goodness of the preceding expressions has been checked against N -body simulations by Raig et al. (2001) . We stress that there is a notable difference between the quasar host abundance resulting from the MM rate derived here, equation (3), and that considered in the vast majority of preceding models, simply given by the PS mass function, equation (1). As shown in Appendix A, the MM rate essentially behaves as the product of two PS mass functions. We recall that, in hierarchical cosmologies, the luminosity of quasars shows a positive evolution (i.e. it increases with increasing redshift) owing to the gas consumption in the supply-limited regime and the positive evolution of the comoving number density of quasar hosts with masses below the typical mass for collapse. Hence, the fact that the halo MM rate behaves as the product of two PS mass functions boosts this positive density evolution relative to previous models.
EVOLVING PROPERTIES OF MBHS
The quasar luminosity depends on the mass MBH of the associated MBHs and the amount of mass ∆MBH they accrete (see Sec. 4). In our model, the secular evolution of the mass of a MBH corresponds to a sequence of short episodes of intense accretion, with characteristic timescale τacc each, between consecutive MMs typically separated by τMM = 1/R form . Since τacc, essentially the duty cycle of quasars, is expected to be of the order of 10 6 − 10 9 yr, we have τacc ≪ τMM (for a redshift z smaller than ∼ 10, see the right panel of Fig. 1 ). Except for the τacc interval after each MM, the accretion rate is thus negligible and the quasar is dormant.
Given the random character of MMs, haloes with the same initial mass will evolve in different ways. Similarly, MBHs located in haloes of the same mass MH will be found at different growth phases. Here we are not interested in modeling the stair-like growth of any individual halo or any individual MBH, but the smoother evolution of the average mass at t, MH(t), of haloes with the same initial mass and of the average properties at t of MBHs, namely MBH(MH, t) and ∆MBH(MH, t), and of the hosting galaxies and the hot gas in haloes of mass MH.
According to the definition of τMM, the Lagrangian evolution of MH(t) and MBH(MH, t) should approximately satisfy the equations
As shown in Appendix B, one can solve analytically equation (4) to obtain the evolution of MH under the effects of MMs (we are neglecting the growth of haloes through accretion). To solve equation (5), however, we need to relate ∆MBH with MBH. According to Cavaliere & Vittorini (2000) , we must distinguish between the Eddington-limited or the supply-limited regimes, depending on whether the amount of material afforded by the MBH radiating close to the Eddington limit (see Sec. 4.1) is larger or smaller than the one that can be accreted, respectively. In the Eddington-limited regime, ∆MBH(MH, t) is expected to be essentially proportional to MBH(MH, t) as the Eddington luminosity is proportional to the mass of the MBH and the duty cycle takes, in a first approximation, a fixed typical value. As shown in Appendix B, the hypothesis
leads to analytical expressions for the wanted dependences on MH and t of MBH and ∆MBH for a fixed value of the proportionality factor k, taken as a free parameter of the model, and some initial conditions set by the matching solution in the supply-limited regime.
The solution corresponding to the Eddington-limited regime is expected to hold at high redshifts where the amount of hot gas in haloes is large and its radiative cooling very effective owing to the high inner density of haloes. At small enough redshifts, however, a substantial fraction of the hot gas in the initial haloes will be consumed and the growth of MBHs will become supply-limited. We then expect the mass accreted by MBHs after the MM of their hosting haloes to depend on the small amount of mass accreted by the galaxy at the same occasion. The evolution of the two quantities MBH(MH, t) and ∆MBH(MH, t) is then inseparable from that of the masses of the hot gas available in the halo, Mg(MH, t), and the central galaxy, MG(MH, t).
What do we know about the relation between MBH and MG? In a pioneering study, Magorrian et al. (1998) claimed the proportionality between the MBH mass and the luminosity of elliptical galaxies, the typical hosts of bright quasars. There has been some controversy, for the last two years, about whether the relation MBH ∝ σ 4.5±0.5 v , with σv the bulge velocity dispersion of the host galaxy, gives a tighter correlation (Ferrarese & Merritt 2000; Gebhardt et al. 2000; Merritt & Ferrarese 2001; Tremaine et al. 2002) . Combining the latter with the relation observed between σv and circular velocity, likely more closely related to the halo virial mass, results in the relation MBH ∝ M
H
between the MBH and halo masses, which is also supported theoretically (Ferrarese 2002 and references therein). This might be used to infer the evolution with cosmic time of MBH, during the supply-limited regime, from that of MH valid at both the Eddington-limited and supply-limited regimes. But all these observations refer to nearby galaxies and any extrapolation to higher redshifts would be very risky. On the other hand, a definite increase with cosmic time of both MBH/MH and MG/MH automatically follows from our assumption on the parallel growth of MBH and MG expected to occur as a consequence of halo MMs.
In the supply-limited regime, this should take place according to the following simple assumptions and/or approximations. i) The baryonic component of a halo consists essentially of hot gas and one main central galaxy. Note that, if the two central galaxies in the progenitor haloes merge, the new central galaxy will automatically include their baryonic masses. In contrast, we neglect those baryons locked in low mass satellites. ii) The average mass accreted by the central galaxy at a MM is roughly a constant fraction of the hot gas mass Mg available at that moment. iii) The average mass ∆MBH accreted by the MBH on the same occasion is a constant fraction of the mass accreted by the hosting galaxy or equivalently, due to assumption (ii), a constant fraction ǫg of Mg. Besides, the two preceding assumptions lead to a constant ratio ǫG between the average mass MBH of the MBH and the average mass MG of the central galaxy, as roughly observed. We can therefore write
where M b is the average baryonic mass in haloes of mass MH, equal to the constant ratio
with Ω b and Ωm the baryonic and total density parameters, respectively, and ǫG and ǫg are two free parameters of the model. The dependences on MH and t of all previous average quantities, in particular of MBH and ∆MBH, in the supplylimited regime are derived in Appendix B by solving analytically the set of differential equations implied by the assumptions (7) - (9) and equations (4) and (5). As an initial condition it is assumed that, at some redshift zm marking the change between the Eddington-limited and the supplylimited regimes, all haloes have essentially the same baryonic fraction in the form of hot gas, γ ≡ Mg/M b = γm. The redshift zm is taken as another free parameter of the model. In contrast, the match of MBH and ∆MBH in the two regimes at zm leads to a one-to-one correspondence between γm and k and there is no need to introduce any extra freedom in the model (see Appendix B).
In the Eddington-limited regime both the average values of MBH/MH and ∆MBH/MH for haloes of a given mass grow and so does the luminosity of the associated quasar. This yields a clear negative evolution of the QLF at high redshifts. In the subsequent supply-limited regime, however, the gas fraction decreases with time as does ∆MBH, while MBH remains equal to ǫG MG as wanted and approximates to ǫG M b as t tends to infinity. The decrease of ∆MBH with cosmic time corresponds to more accretion in the past and, therefore, contributes to higher luminosity at higher redshifts, i.e. to a positive luminosity evolution analogous to that postulated by Cavaliere & Vittorini (2000) . On the other hand, the growth of MBH with cosmic time results in a slight negative evolution, at least of the Eddington luminosity. Thus, both effects tend to compete, resulting in a net positive evolution for the QLF arising from MMs at small redshifts.
QUASAR TYPICAL LIGHTCURVES

Accretion episode
Let us now focus on the typical evolution, during one individual accretion episode, of a MBH with initial mass, at time t, equal to the average mass of MBHs in haloes of mass MH at that moment, accreting a total mass of gas also equal to the average value. In order to clearly distinguish between the initial mass of the MBH, given by MBH(MH, t) (varying in a timescale τMM), and the mass of the MBH during the accretion episode (varying in a characteristic timescale τacc ≪ τMM), we denote this latter simply by M , without subindex BH.
As mentioned, after a MM of haloes we expect radial infall of material to start feeding the MBH at the centre of the new halo. This central MBH can be the result of the merger of the two MBHs in the respective progenitor haloes, since the respective central galaxies can merge and their central MBHs may eventually fall into the centre of the new spheroid (also due to dynamical friction within the new galaxy) and merge. But only one of these two MBHs may finally be found at the nucleus of the central galaxy.
In any event, we do not need to consider the frequency of MBH mergers since the initial mass assumed for the accreting MBH, equal to the average mass of MBHs in haloes with MH at t, implicitly accounts for it.
Material is expected to be supplied to the central MBH, initially in an increasing phase, then in a decreasing one, during a time of the order of τacc. Therefore, we assume that the accretion rateṀ follows a bell-shaped forṁ
determined by the dimensionless phenomenological function
with τ the time elapsed since the beginning of accretion t, θ ≡ τ /τacc, and a dot denoting differentiation over τ . The typical evolution of the mass M of the MBH during such an accretion episode then follows by integration of equations (10) and (11) 
with m(θ) equal to the integral of m
∆MBH and MBH in equations (10) and (12) are the evolving average properties of MBHs introduced in Section 3. The value of τacc, which should be related to the dynamical properties of the MBH close environment, is difficult to tell. For this reason, we take τacc as another free parameter of the model.
Radiation model
The accretion of gas onto the MBH reactivates the quasar. An accurate model of the resulting lightcurve would require a relativistic approach. But this is outside of the scope of the present study, aimed merely at understanding the main trends of the observed QLF and its redshift evolution. For this reason we shall neglect any relativistic correction. Under the classical black hole paradigm, a source with mass M powered by spherical accretion can reach a maximum luminosity, called Eddington luminosity, given by
with G the gravitational constant, c the speed of light, ρacc and ne the mass density and electron density, respectively, of the accreted matter, σ Th the Thompson cross-section and C Edd ≃ 0.2 a dimensionless constant which accounts for the variations with electron energy of the Compton crosssection, averaged with a standard quasar SED (Ciotti & Ostriker 2001) . If, at some radius r at a given time τ , the luminosity exceeds the Eddington limit, the radiative acceleration will exceed the gravitational acceleration and accretion will stop. This will cause the radiation to stop soon after, allowing accretion to start again, and so on. In this way, accretion and radiation will oscillate on a characteristic timescale of the order of the infall time at r. In fact, provided that this characteristic time is short enough, the luminosity of the quasar will tend to adjust to the accretion rate set by external conditions linked to the MM event, thus reaching some (possibly time-averaged) quasi-stationary regime. The characteristic timescales of light variations observed in quasars (years or less) are considerably shorter than the timescale of accretion onto the MBH (at least 10 6 yr). Hence, such a quasi-stationary regime should be reached swiftly during accretion.
In these circumstances, the radiative pressure at any radius r results in a reduced effective gravity
which we have expressed in terms of the Eddington ratio ǫ Edd ≡ L/L Edd . The bulk of the energy release comes from the region with maximum accretion efficiency, which occurs at a radius
corresponding to the last marginally stable Keplerian orbit (Chakrabarti 2000) , with 2 GM/c 2 the Schwarzschild radius and k last a proportionality factor typically ranging between one half and two or three, depending on the form of the orbit and the angular momentum (hence, the metric, either Schwarzschild or Kerr) and the topology (e.g. simple, binary, toroidal) of the MBH. In the present calculations, we do not distinguish among all these possible configurations and adopt the intermediate value of k last = 1.5. The terminal infall velocity v last for accreted material is then
Since the bolometric luminosity is the kinetic energy of the accreted material converted into radiation,
by substituting equation (17) into equation (18) and dividing it by L Edd , we find
Finally, by taking into account the definition of the Eddington ratio ǫ Edd given above, we are led to the following non-linear expression for the quasar bolometric luminosity
in terms of the two functions, M andṀ , defining the accretion episode (equations [10] - [13] ) and the three parameters
Other alternative forms can be found in the literature for the typical quasar lightcurve adapted through a quasi-stationary regime to the externally supplied accretion rate. The typical quasar lightcurves L(τ ), given by equation (20), and the corresponding Eddington ratios, Fig. 2 for the supply-limited regime. Both the absolute luminosity and the Eddington ratio increase strongly with increasing z. (Note that, in our model, the Eddington ratio is not equal to unity as often assumed; it is always less than ∼ 0.3 and, most of the time, much smaller than this.) The quasar luminosity also increases with increasing halo mass. So does the Eddington ratio, albeit to a lesser extent. In contrast, in the Eddington-limited regime, the Eddington ratio takes a fixed form, independent of both halo mass and redshift, equal to the curve reaching the maximum value in the supply-limited regime at zm.
QUASAR LUMINOSITY FUNCTION
The (differential) QLF, φ(L, t), is defined through the relation
where N (L, t) and n(L, t) are the number and comoving number density, respectively, of quasars with absolute bolometric luminosity L at a given time t and dV is the element of comoving volume. If all quasars had the same typical strictly increasing (decreasing) lightcurve L(τ ), we would have
where Rrr is the quasar reactivation rate, the + (−) sign is for a strictly increasing (decreasing) lightcurve and the two integrals on the right of the first equality give the comoving number density of quasars with luminosity larger (smaller) than L and L + ∆L, respectively, at t. Note that, in order to derive equation (22), we have taken into account the fact that the characteristic accretion time τacc is much shorter than the characteristic time of MMs τMM, so that, along the time interval of integration, Rrr is approximately constant and equal to Rrr(t). But, in the more realistic case of quasars with typical lightcurves dependent on halo mass MH , we have
where Rrr(MH, t) dMH is the reactivation rate of quasars in haloes with masses in the range [MH, MH + dMH] and where we have accounted for the fact that, as shown in Fig. 2 , each typical uasar lightcurve has two branches, one increasing and the other decreasing with increasing τ (indexes 1 and 2, respectively). Hence, to infer the QLF predicted by our model at any time or redshift, we must write, in equation (23), the quasar reactivation rate in terms of the halo MM rate
with RMM given in equation (3), and take the functions τi(L, MH, t) as the inverse of the increasing and decreasing parts of the typical luminosity curve L(τ, MH, t) given in equation (20). The proportionality factor ν in equation (24) accounts for possible inaccuracies in the assumptions adopted as well as for possible biases affecting the observational data. For example, although our model presumes one single quasar event per halo MM, this might deviate from reality (factor NQSO/NMM in equation [25] ) as there are indications that haloes may harbour more than one quasar (Mortlock et al. 1999 ; see also Croom et al. 2001b ). On the other hand, there are also reasons to introduce such a normalisation factor from the observational point of view. More specifically, no sample is ever free of incompleteness effects and selection biases (factors C and N QSO,obs /NQSO,tot in equation [25] , respectively). Last but not least, one must take into account, in addition, the orientation of detected quasars (factor 2Ωem/4π in equation [25] ). All these effects should not present a strong evolution in the range 0 < z < 2.5, but be rather constant (with eventual variations in some specific redshift ranges due to redshift-dependent observational biases). Therefore, we take
in order to account for all these effects.
COMPARISON TO OBSERVATIONS
As mentioned, we do not expect zm to substantially vary with halo mass, but the situation is less clear for the other quantities taken as constant parameters in the present model. For instance, by combining the scaling relation (A4) with the observed MBH − σv correlation, we could infer an expression for ǫG as a function of halo mass and redshift. However, letting these quantities to depend on MH and t or on any of these variables alone would greatly complicate the task of obtaining an analytical model and would introduce too much freedom in the problem. Thus, we have preferred to assume them having fixed values in a first approximation.
Constraints to the parameters
So far we have implicitly assumed that all haloes, irrespective of their mass, harbour MBHs evolving according to the Table 1 , columns 1 and 2 respectively. For clarity, the QLFs are shifted upwards by 0.2 units with each increasing z .
model given in Section 3 and that all MBHs radiate according to the model described in Section 4. But this may not be the case. Only haloes in some finite mass range are likely to feed MBHs at the suited rate and reach the appropriate radiative efficiency (i.e. the capability of converting the kinetic energy of the matter falling at r last into radiation). We should therefore also examine the effects of adopting a limited halo mass range, [Mmin, Mmax] . In summary, the free parameters of the model are: zm, ǫG, ǫg, τacc, k, Mmin and Mmax.
To find the best values of these parameters we have followed an iterative fitting procedure to the observed QLF (based on a χ 2 minimization), with each free parameter of the model taking values from a pre-constructed grid within the initial intervals specified next. For the following iterations, however, the width of these intervals is progressively reduced and their centres are re-defined using the bestfitting parameter values of the former step in such a way that all free parameters are actually allowed to take values outside their initial intervals. At each step, the predicted QLFs are freely normalised to obtain the best fitting to the observed QLFs. Thus, as a byproduct of the fitting procedure, we obtain the value of ν corresponding to the best values of the free parameters of the model. Wu et al. 2002) . Contrarily to ǫG, the fraction of gas in the host galaxy that is accreted by the MBH at the occasion of a MM, ǫg, is poorly constrained. So we leave ǫg completely free. The timescale τacc is supposed to be in the range [10 6 , 10 9 ] yr bracketing the values mentioned in the literature for the duty cycle of quasars. The previous bounds for τacc together with equation (19) 
Results for the 2dF QSO sample
Quasars are not always easy to distinguish from other types of objects. Moreover, the different samples gathered in different wavelengths are usually small. In this concern, the 2dF quasar redshift (2QZ) sample (Croom et al. 2001a ) seems the most appropriate for our purposes. The 2QZ sample is very large, uniformly selected from well-defined criteria and of high overall completeness C ∼ 93% to the limiting magnitude bJ = 20.8, after corrections for incompleteness (see http://www.2dfquasar.org/). The subsample of 2QZ used here comprises some 10000 colour-selected, moderately faint (MB < 21) quasars, covering the redshift range [0.3,2.3]. The candidates were all point-like objects selected by their U V excess on a (U − B) × (B − R) plane, introducing an abrupt decrease of the efficiency of the selection both at z > 2.3 (U VX criterion) and at z < 0.3 (due to morphological classification). To perform the fit, the corresponding QLFs for several redshift bins derived by Croom et al. (2001a) assuming H0 = 50 km s −1 Mpc −1 , Ωm = 1 and ΩΛ = 0 have been converted (in luminosities and densities) to the ΛCDM cosmology used here and the bolometric luminosities predicted by our model transformed to absolute luminosities in the blue band by considering a constant ratio LB/L Bol = 0.023, inferred from a typical quasar SED (Elvis et al. 1994 ).
In Fig. 3 , we plot the predicted and observed QLFs for the best-fitting parameters listed in the first column of Table 1. In the second column of the Table, we also quote the best values of the parameters for the data restricted to z > 0.9, where the model gives a much better fit (see the right panel of Fig. 3) . The possible origin of the poor fit at low redshifts is discussed in Section 7. All parameters take values in the respective expected ranges. As can be seen, the lower error bound associated with the minimum halo mass, Mmin, is not constrained by the data. This is because varying this lower mass boundary essentially modifies the fainter part of the luminosity function while, at all redshifts, the cut-off due to the limiting magnitude bJ = 20.8 is effective at magnitudes brighter than the cut-off due to Mmin. Besides, at low z there is another cut-off at MB = −23.0 due to the selection of stellar morphologies. A more realistic model, likely giving better fits to the observed QLFs at the faint end, would require a progressive decline of the integrand in equation (23) beyond some halo mass instead of a sharp cut-off at Mmin, although at the cost of increasing the number of free parameters.
The factor N QSO,obs /NQSO,tot appearing in the decomposition of ν given in equation (25) reflects two combined effects: the intrinsic properties of the objects and selection biases. The 2QZ quasars are blue objects with redshifts lower than ∼2.3, selected by their U V excess. Therefore, this factor represents here the number of low to intermediate blue quasars over the total quasar population. Several recent results based on X-ray observations (e.g. Rosati et al. 2002) show that the obscured quasars could be as many as the ones detected in the optical passbands. Furthermore, U VX quasars are only a fraction (but a large one) of the overall optical quasar population, estimated to be of the order of 80−90%. The factor N quasar,obs /NQSO,tot is thus expected to take a value of roughly 0.4. The factor 2Ωem/4π, accounting for the orientation effects, is ∼ 0.25 according to the unified models (see e.g. Elvis 2002 ). As mentioned in Section 5, NQSO/NMM ∼ 1, although (slightly) greater values are theoretically possible. Accordingly, a most crude estimate of the value of ν gives an upper limit of 9% to within a factor of around 2. Thus, the predicted value of ∼ 5% also lies within the expected range.
Results for QSOs at very high redshifts
We have also compared the predictions of our model to the QLF at very high redshifts given by Fan et al. (2001) . The best fitting is once again very satisfactory (see Fig. 4 ), although some of the values of the parameters (see column 3 of Table 1 ) differ significantly from the previous estimates. Thus, althoguh ǫG increases by a factor of just ∼ 3/2, ǫg is about 4 times larger at z ∼ 4 than at z ∼ 1.5, which is consistent with a more effective cooling of the hot gas at higher redshifts. Likewise, τacc is now two orders of magnitude smaller than previously estimated, which was foreseeable since all cosmic clocks go faster at higher redshifts (in particular, the typical interval between MMs diminishes with increasing z; see Fig. 1 ). The new value of zm is also increased by a factor two. Note, however, that it is not far from the lower bound of the new redshift sample, while the former prediction was rather close to the upper redshift boundary of the 2QZ sample. In this sense, an intermediate value of 2.5−3 would be, perhaps, a better estimate for zm. Finally, the value of ν is now substantially lower than previously found, although it is also reasonable that this parameter may depend strongly on the mean redshift of the quasar sample. The nature of the quasars in the latter sample is probably very different from the U VX selected 2QZ ones and the number of reddened objects is likely also more significant. In fact, the results of this high-z fitting must be taken with caution as error bars are still large and lensing is likely to strongly bias the data sets.
Results for the integrated quasar light
Finally, an alternate way of estimating the best values of the parameters is matching the quasar light density over the redshift range [0, 6] . Note, however, that the model is very poorly constrained by the observations at z > 4 owing to the large fraction of the quasar population that is likely to be dust-enshrouded Norman et al. 2002; Xia et al. 2001) . Fig. 5 compares the model predictions with available data (the gray-shaded region). The lower limit of the observations arises from the optical data by Shaver et al. (1996) , while its upper limit is deduced from X-ray measurements (e.g. Miyaji et al. 2000) . We also include the data points coming from an estimate of the photoionisation rate based on the observed absorption spectra in high-z quasars Table 1 . Best-fitting parameters corresponding to four data sets; columns 1 and 2: the observed QLFs drawn from the 2QZ survey in the two redshift intervals quoted; columns 3 and 4: high-z data from Fan et al. (2001) and McDonald & Miralda-Escudé (2001) for the QLF and for the integrated quasar light, respectively. zm is the redshift at which the accretion regime changes from Edington-limited to supply-limited. ǫ G is the mass ratio between the MBH and the host galaxy. ǫg is the ratio between the mass accreted by the MBH in a MM event and the total gas mass available. τacc is the typical timescale of accretion onto the MBH (essentially the quasar duty cycle). k is the fractional mass increase of the MBH in the Edington-limited regime. M min and Mmax are the lower and upper masses of haloes likely to harbour quasars. Finally, ν is the fraction of MMs giving rise to the reactivation of one observed quasar (in the case of the integrated quasar light there is no value for ν in column 4 since both the predictions and observations are normalised at z = 2). The quoted errors correspond to a plus/minus difference of χ 2 value of 50%.
0.9 < z < 2.3 3 < z < 4.7 0 < z < 6 zm & Miralda-Escudé 2001) . In fact, the data used to adjust our model are the latter (normalised at z = 2) since better adapted to our χ 2 fitting procedure. Caution must be paid, however, to the fact that the total ionizing flux may be severely contaminated (possibly even dominated) by that of the blue stellar population, particularly at very high redshifts.
The predicted behaviour of the quasar light density is compatible with the observed one for intermediate and high redhifts, while there is, once again, less evolution than observed at z < 1. Interestingly enough, the best values of the parameters obtained from the fit to the estimated ionizing background, given in column 4 of Table 1 , are very close to those obtained from the 2QZ sample at z > 1. This could be interpreted as indicating that quasars are the major responsible of the ionizing background at z < 5 where the fit is quite good or, alternatively, that the contribution to this background of quasars and young stars is approximately constant in that redshift interval.
DISCUSSION
We have developed a fully consistent analytical model of QLF from reasonable physical assumptions and used available data on the QLFs at various redshifts to fix the values of the free parameters. The predicted QLF agrees with the available observations at redshifts higher than ∼ 1.
The fact that, the more accurate halo MM rate used in our model behaves essentially as the product of two PS mass functions instead of just a single one as often adopted explains the more marked positive evolution shown by the inferred QLF. Yet, the evolution so predicted is not strong enough to match the observations. The QLF calculated from the adopted MM rate but assuming a MBH mass proportional to the halo mass and the associated quasar radiating close to the Eddington regime fails to reproduce the observed data. A successful approach requires also modelling the typical evolution on cosmological timescales of MBHs and the typical lightcurve of quasars. In the present study, such a theoretical lightcurve rests on the assumptions of a phenomenological bell-shaped accretion rate and a physically grounded self-regulated radiation, while the modelling of the MBH growth is based on reasonable assumptions emanating from the expected connection between halo MMs and the reactivation of quasars.
It is worth emphasizing that the best values found for the parameters are all very reasonable and the trend they seem to show to depend on the redshift of the sample was also foreseeable. From the fit to the observed QLFs from moderate to high redshifts (1 < z < 2.3) as well as to the integrated quasar light (in the range 1 < z < 4) we obtain a typical timescale of accretion of the order of 10 8 yr, in good agreement with current estimates of the duty cycle. The ratio ǫG ≡ MBH/MG is found to be ≃ 2 × 10 −3 , in agreement with observations (Ferrarese & Merritt 2000; Gebhardt et al. 2000) . The fraction ǫg of hot gas that ends up in the central MBH after a MM in the supply-limited regime is of the order of 1%. The value 3−8 of the parameter k determining the accretion rate in the Eddington-limited regime is just what one would expect from equation (20) for a quasar of luminosity L8, representative of a MBH of 10 8 M⊙, and a typical accretion rate ofṀ8 during a duty cycle of 10 8 yr. On the other hand, according to Cavaliere & Vittorini (2000) , the transition between the Eddington-limited and the supplylimited accretion regimes is expected to occur at the typical formation of groups, at z equal to 2.5−3.0, where MMs of haloes of the galactic scale become rarer and the accretion onto MBHs progressively declines. In our model, such a transition takes place when the gas fraction in baryons becomes so low that the product ǫgMg falls below kMBH, thus becoming the limiting factor. This occurs at the epoch where MG/Mg ≃ ǫg/(kǫG), with the latter ratio taking a value of order unity (from 1/2 to 7 depending on the particular data set fitted), which is satisfied at zm ∼ 2. Note, however, that Figure 5 . Integrated quasar light density vs. redshift compared to data in optical (Shaver et al. 1996) and X-rays (Miyaji et al. 2000) , and the ionising flux estimated from the absorption spectra of high-z quasars (McDonald & Miralda-Escudé 2001) . The model predictions are computed for the set of parameters shown in Table 1 the fit of Fan et al. (2001) data corresponding to very high redshifts points to a higher value bracketing those preferred by Cavaliere & Vittorini (2000) . The hosting halo masses range from 10 12 M⊙ to 10 14 M⊙, implying that quasars would be found within central galaxies of haloes from the galactic scale to the scale of galaxy groups, the structures that are currently believed to be the harbouring environments of the brightest quasars (Jäger et al. 2001) . Finally, the inferred fraction of observed quasars per halo MM is found to be ν ≃ 5%, again pretty close to the expectations.
All these results, i.e. the good behaviour of the predicted QLFs at z > 1 and the very reasonable values of the corresponding best-fitting parameters, give strong support to the proposed connection between halo MMs and quasar lightning through the triggered simultaneous feeding of the spheroid of the main galaxy and its central MBH. The fact that our model does not match the observed evolution of QLFs at z < 1 is also not unexpected in this scheme because of the failure for late times of that central hypothesis. The two complementary mechanisms connecting halo MMs and the reactivation of quasars imply the parallel growth of the host galaxy (by cooling flows and the merger of the main galaxies of the progenitor haloes). Consequently, they can be expected to operate as far as haloes are typically of the galactic scale, when galaxies are growing. When haloes reach the scale of galaxy groups, galaxies within them no longer grow in size, but just in number. Therefore, none of the above mentioned processes may then be effective. At such late epochs, there may still be radial flows of gas into MBHs lying at the centre of galaxies, but they should be triggered by other mechanisms -such as internal instabilities of galaxies or tidal interactions among galaxies within groups and clusters-uncorrelated with halo MMs.
These results also indicate the necessity of dealing more accurately with the physics of baryons, that is, with the processes governing the evolution of the hot gas trapped in haloes, as well as with the growth of galaxies and their interactions. In other words, a QLF model spanning from high to small redshifts should be coupled to a detailed model of galaxy formation and evolution. There are other simplifications in our model that might be also improved in future works, although they do not seem to play a crucial role on our main conclusions. There is, for instance, no consideration of the detailed physics at the vicinity of the MBH and our radiation model does not account for relativistic effects. Likewise, the use of an isotropic model to describe highly anisotropic radiation fields around quasars is likely to introduce different kinds of biases. The first one, due to the requirement that the line-of-sight lies in the emission cone, is of purely statistical nature and should be reasonably accounted for by the normalisation of the MM rate. A second source of bias arises from the relation between the bolometric luminosity and the MBH mass, through the Eddington ratio, which assumes isotropy of the emission. This approximation, which cannot be corrected by a shift of the luminosity function along the magnitude axis, results in erroneous masses associated with the observed luminosities and, therefore, in erroneous merger rates. Finally, one must not forget that the comparison with observational data usually takes into account only statistical errors (quite small in such large samples as the 2QZ one used here), while poorly known systematic effects are likely to have a major contribution. with rP and σP the gravitational radius and internal 3-D velocity dispersion, respectively, of the primary progenitor, which can be estimated from their scaling relations with MP. Indeed, provided all relaxed haloes have a common density contrast δ, one has within the radius r that M = δ r 3 ρ = δ r 3 ρ0 (1 + z) 3 , with ρ the mean cosmic density at redshift z, leading to
On the other hand, from the virial relation 2T + U = 0 between the halo kinetic energy T ∝ M σ 2 and its potential energy U ∝ GM 2 /r ∝ GM 5/3 , the velocity dispersion takes the form σP ∝ M (1 + z) 1/2 .
With these approximations, the ratio between the formation rates R form inferred from the MPS model and the kinetic theory (equations [3] and [A1], respectively) in the Einstein-de Sitter cosmology is constant and equal to unity for K = 1550 (see Fig. A1 ), except for large masses relative to the typical mass for collapse where the kinetic approach is no longer valid owing to the rarity of haloes. In this simple scale-free, n = 0 power-law cosmology the behaviour of the MM rate as the product of two PS mass functions for moderate and small MH can be seen from equation (2) by taking into account the corresponding explicit form of σ(MH). Although this is not so obvious in the general case, the fact that one always finds very similar results to those plotted in Fig. A1 allows extending that conclusion to any arbitrary cosmology.
